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Abstract: The gas chromatography experiment presented here is a combination of a quantitative analysis of fatty 
acids in edible oil with an analysis of a synthetic mixture to evaluate chromatography efficiency. This experiment 
can be done in 5–7 hours. The students start with the preparation of the oil samples and standard solutions of 
fatty acids. While the derivatization of the fatty acids is in progress, a synthetic sample is analyzed at different 
linear velocity of the carrier gas. The students use the chromatograms to determine the Van Deemter equation 
and to calculate the chromatography efficiency. The quantitative analysis of the oil samples can be done 
consecutively or the samples can be stored until the next laboratory session. This combination of two gas 
chromatography experiments is very attractive for the students because it deals with a real-world sample. In 
addition, the students acquire practical experience in the significance of parameters related to chromatography 
efficiency. 
Introduction 
Chromatography is an important analytical separation 
technique and applications can be found in many disciplines of 
scientific research. Therefore it is a routine exercise in the 
analytical chemistry laboratory course for undergraduate 
students in food science technology, environmental 
technology, and cell and gene biotechnology at our faculty of 
bioscience engineering. 
Weekly, the students have a four hour period for the general 
analytical laboratory course and this during ten weeks. For gas 
chromatography, two successive periods are used to analyze 
the fatty acid content in vegetable oil. In the first period, oil 
samples and a reference mixture are prepared. The two hours 
which are needed for the esterification of the fatty acids are 
used to train the students in GC techniques. Until present, the 
students analyzed a synthetic mixture and identified 
compounds by their retention times. The second period is used 
for the GC-analysis of the esterified reference mixture and oil 
samples and data reporting. 
Although the students acquire technical competence and 
they appreciate the fact that the samples are associated with 
their natural environment, the instructors experience a gap 
between practice and the related theory. 
Real world samples are a premium choice to thrill students. 
Many examples have been published: the analysis of gasoline 
and auto exhaust [1, 2], the analysis of orange oil [3], the 
examination of nuts, turnip and maize [4], the flavor 
composition in perfumes [5], PCB’s in river and bay sediments 
[6] and trihalomethanes in water [7]. 
The number of undergraduate experiments dealing with 
theoretical aspects of chromatography such as capacity, 
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column efficiency, band broadening, selectivity, resolution, 
plate height and plate number is limited. Marriott and 
Carpenter [8] demonstrated the impact of the flow 
characteristics in the injector on the final result. Lucy, Glavina 
and Cantwell [9] instructed the students in the concept and 
terminology of extra column broadening. For this, an apparatus 
was constructed using glass and PTFE in order to visualize the 
band broadening process. Hawkes [10] commented the limited 
use of the simplified Van Deemter equation for 
chromatography which is commonly quoted in sophomore 
texts: H = A + B/u + C u , where H is the plate height, u is the 
linear velocity of the mobile phase and the quantities A, B and 
C are coefficients related to multiple flow paths, longitudinal 
diffusion and mass transfer between phases. This limited use of 
the Van Deemter equation does not affect the qualitative 
usefulness of the equation to discuss the effect of various 
parameters on column dispersion. Moody [11] presented a 
three hour lab experiment to calculate the actual values of A, B 
and C for methyl ethyl ketone with He as carrier gas. In a letter 
to the editor, Hawkes [12] questioned the usefulness of the 
determination of these parameters by using undergraduate 
experiments but he agreed that calculations to predict optimal 
separation conditions should be included in general analytical 
courses. 
For designers of instruments and experienced researchers the 
situation is different. Such workers intend to improve the 
practice and apply the Van Deemter equation with rigorous 
attention to the limitations. 
The equation to determine the optimum flow-rate in a 
particular GC configuration has been updated but remains 
analogous to the original Van Deemter equation [13]. 
Given the limited time for GC practice, our objective was to 
develop two four hours periods where students analyze a real-
world sample and experience the Van Deemter equation. In 
addition, the students also use their experimental data to 
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calculate the different parameters related to separation 
efficiency and optimization of a GC-analysis. 
Enrollment in the undergraduate analytical laboratory is 
around 100 students which are divided in five groups and 
subdivided in teams of three students. Each group practices 
four hours a week and this during 10 weeks. The teams have to 
complete 8 different projects using different analytical 
instruments. A carrousel system is used so that only one team 
within a group uses a particular instrument at a time. The GC 
project which is presented here takes two consecutive 4 hours 
periods. All data of the different teams and projects are 
collected. During the last week, each team of each group 
receives the data of one project and calculate sample average 
and determines validation criteria for the particular analytical 
method used. In addition, an alternative method for the 
analysis is proposed. Presentation competence is an objective 
which is now also integrated in the practical analytical course. 
Therefore the students collect all data and information and 
each team of students gives a 10–15 minutes presentation to 
the other teams of their group. Peer assessment is used to 
evaluate these presentations. 
During the first period of the GC project, students prepare 
the fatty acid standard mixture and oil sample which are then 
stored in the freezer until the next period. During the 
methylation which takes 2 hours, the students practice the GC 
instrument and meanwhile collect data which they use to plot 
and calculate the coefficients of the Van Deemter equation and 
to solve some formulated problems. 
During the second period of the GC project, the stored oil 
and reference mixture are analyzed. Each team of three 
students has six samples and the analysis takes fifteen minutes 
a sample, so duplicate analyses are possible. The waiting time 
between injections is used for calculations and data reporting. 
Experimental 
Characterization of a vegetable oil. An acid catalyzed 
esterification/ transesterification is used for both, the reference 
mixture of the fatty acids and the triacylglycerol esters in the oil 
sample. Anhydrous reaction conditions are mandatory. 
Ten to 20 mg of each fatty acid (1-tetradecanoic acid, CAS 57-10-
3; 1-hexadecanoic acid, CAS 57-10-3; 1-octadecanoic acid, CAS 57-
11-4; 9-octadecenoic acid, CAS 112-80-1; 9,12-octadecadienoic acid, 
60-33-3) is accurately weighed and transferred to one single dry test 
tube with screw cap. In a second tube, 80-100 mg of the edible oil is 
weighed in. The exact weight of each of the fatty acids and the oil is 
put down in the lab notebook. Two ml of a toluene (CAS 108-88-3) 
solution containing 10 mg/ml internal standard is added to each tube. 
Fatty acids with an uneven number of carbon atoms are used as 
internal standard (pentadecanoic acid, CAS 1002-84-2; heptadecanoic 
acid, CAS 506-12-7; or nonadecanoic acid, 646-30-0). Each student 
of a team prepares a standard mixture and an oil sample. Each team 
uses the same oil sample but a different internal standard to examine 
the influence of the internal standard on the result. Alternatively, 
different oil samples with the same internal standard can be analyzed. 
This gives a total of six tubes within one team. To each tube, 4 ml of 
2% H2SO4 (CAS 7664-93-9) in anhydrous methanol (CAS 67-56-1) is 
added. The tubes are firmly closed and transferred to a water bath (+/-
70 °C) for two hours. 
After cooling the tubes, 5 ml 1% sodium carbonate (CAS 497-19-
8) is added and the tubes are gently mixed. Four ml petroleum ether 
(CAS 8032-32-4) is added and intensively mixed using a Vortex 
mixer. Two layers will separate and part of the petroleum ether layer 
is removed with a Pasteur pipette and transferred to a dry Erlenmeyer 
flask. Na2SO4 powder (CAS 7757-82-6) is added as drying agent. The 
dried petroleum ether fraction is finally transferred into vials and these 
are stored at -18°C until analysis. 
GC analysis of the fatty acids. GC analysis is performed on a 
Chrompack 9001 gas chromatograph with Maestro software. The 
instrumental parameters are: 
 Manual injection (1 µl) 
 Split ratio 1/100 
 30 m capillary AT 225 column, 0.32 mm i.d. with 0.25 
µm film thickness 
 Injection and detection temperature: 250°C 
 FID detector 
 Carrier gas Helium at 50 kPa (linear velocity over the 
column about 0.9 ml/min ) 
 Hold at 180°C for 2 min, ramp at 5°C/min until 200°C 
and hold  for 15 min 
Separation Efficiency in Chromatography. Two synthetic 
mixtures in pentane (CAS 109-66-0) are available: 1) decane (CAS 
124-18-5), undecane (CAS 1120-21-4), N-ethylaniline (CAS 103-69-
5), dodecane (CAS 112-40-3) ; 2) decane, methyl octanoate (CAS 
111-11-5), ethylaniline and dodecane. GC analysis is performed on a 
Chrompack 9001 gas chromatograph with Maestro software. The 
instrumental parameters are: 
 Manual injection (1.5 µl) 
 10 m CP-sil 5 CB column (100% polydimethyl 
siloxane), 0.25 mm i.d. with 0.12 µm film thickness 
 isothermal at 85°C 
Helium 45 or nitrogen 50 are used as carrier gas. Using one of the 
two mixtures, the students collect chromatograms at 8-10 different 
carrier gas velocities. In our chromatographic system, linear velocity 
is set by changing the head pressure on the column. The relationship 
between pressure (kPa) and linear velocity (cm/s) can experimentally 
be determined using methane chromatograms and calculation from the 
relationship velocity = length of column/retention time. This linear 
velocity is determined by the students themselves or is provided by 
the lab technician. 
The instructor informs the students on the combination carrier gas 
(helium or nitrogen) and sample (mixture 1 or 2) to be used. In this 
way, all four combinations (He-mixture 1; He-mixture 2; N2-mixture 
1; N2-mixture 2) were considered in approximately the same amount. 
Hazards 
Good laboratory practices are strictly followed. Protective clothing, 
eyewear and gloves are put on when harmful chemicals are used. 
Chloroform which has limited evidence of carcinogenic effects was 
replaced by the less harmful toluene as solvent for the fatty acids. One 
should be aware that even toluene can cause health damage by 
prolounged exposure through inhalation. Stearic and oleic acid are 
irritating for eyes and skin; decane, methanol and petroleum ether are 
flammable. Care should be taken to dispose all solutions in 
accordance with local regulatory guidelines. 
Results and Discussion 
Oil analysis. Data collection is obtained with the Maestro 
software and for each analysis the chromatogram with 
retention time, peak area and peak width at half height is 
printed. 
Quantitative GC-analysis is based on the plot of area (A) as 
a function of concentration of a series of standard solutions. 
The highest precision in quantitative chromatography is 
obtained using an internal standard to minimize the 
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Table 1. Average concentration of fatty acids (mg 100mg-1) measured in edible oil during 3 years 
 
 palmitic acid 
hexadecanoic acid 
stearic acid 
octadecanoic acid 
oleic acid 
9-octadecenoic acid 
linoleic acid 
9,12-octadecadienoic acid 
N 
sunflower      
year 1 7.38 ± 2.20 3.28 ±  2.69 22.52 ±  5.34 54.25 ±  12.01 11 
year 2 6,33 ±  0,93 3.83 ±  0.36 20.41 ±  2.02 60,82 ±  5.54 11 
year 3 6.14 ±  0.74 3.63 ± 1.12 20.61 ±  4.17 56.97 ±  10.64 19 
corn germ           
year 1 11.66 ±  4.34 3.92 ±  2.73 22.82 ±  3.80 44.11.±  10.55 10 
year 2 10.34±  0.76 2.13 ±  0.38 25.85 ±  4.15 55.80 ±  8.90 2 
year 3 9.83 ±  0.80 1.60 ±  0.16 23.46 ±  2.72 46.87 ±  4.82 6 
safflower           
year 1 7.22 ±  0.76 3.20 ±  0.30 10.20 ±  1.61 52.28 ±  20.63 3 
year 2 7.69 ±  0.81 3.16 ± 0.71 11.27 ±  2.12 72.56 ±  13.05 9 
year 3 7.09 ±  2.09 2.61 ±  0.36 8.97 ±  0.38 59.45 ±  2.70 6 
soybean           
year 1 9.25 ±  3.41 4.84 ±  3.34 20.16 ±  3.34 45.89 ±  10.27 13 
year 2 12.90 ±  1.90 5.46 ±  1.61 24.05 ±  2.85 55.25 ±  7.05 2 
year 3 10.05 ±  0.71 3.16 ±  0.26 21.45 ±  2.95 49.89 ±  6.63 6 
sesame           
year 1 8.24 ±  0.64 5.26 ±  0.48 30.95 ±  5.75 38.21 ±  9.40 4 
year 2 8.04 ±  0.56 5.43 ±  0.19 34.64 ±  1.00 40.60 ±  0.35 2 
year 3 10.17 ±  1.77 5.58 ±  0.71 34.64 ±  3.45 46.29 ±  7.32 8 
arachide           
year 1 10.37 ±  1.87 3.70 ±  0.99 45.89 ±  11.75 26.73 ±  6.17 11 
year 2 8.31 ±  2.89 3.48 ± 1.72 44.99 ±  16.78 19.42 ±  6.68 8 
year 3 9.42 ±  3.82 2.86 ±  0.67 39.26 ±  13.78 28.08 ±  8.51 5 
olive           
year 1 9 04 ±  1.50 2.96 ±  0.47 66.70 ±  7.08 6.57 ±  0.93 8 
year 2 9.52 ±  1.19 3.50 ±  1.81 67.80 ±  11.79 7.17 ±  1.41 15 
year 3 10.34 ±  2.01 3.25 ±  0.99 69.37 ±  19.96 7.44 ±  2.11 11 
grape seed           
year 1 9.00 ±  1.69 14.19 ±  9.21 10.95 ±  9.96 52.23 ±  8.13 6 
year 2 6.97 ±  0.71 3.75 ±  0.44 18.11 ±  1.93 57.88 ±  8.07 5 
year 3 7.56 ±  3.37 3.53 ±  0.62 17.34 ±  3.87 60.40 ±  12.70 8 
 
uncertainties introduced by sample injection, linear velocity, 
and variations in column conditions [14]. In addition, since the 
internal standard is introduced before methylation, variation in 
the reaction rate is also compensated. The FID detector is 
known to be linear over several decades and therefore 
calibration can be done at one level (mi). 
The response factor (RFi ,signal/mass) of each fatty acid, in 
the presence of an internal standard (is)  can be written as: 
 RFi = 
/
/
i i
is is
A m
A m
 (1) 
The order of elution of the different fatty acids is given to the 
students and they calculate the response factor of each fatty 
acid from the reference sample. Using this response factor, the 
absolute masses of the different fatty acids in the oil sample 
can be calculated. 
The results of previous years are available so that the 
students can compare results and evaluate their own 
quantitative results. If the results are quite different, they can 
discuss with the instructors to find an explanation. Because this 
is the first time that students do GC-analysis, common errors 
are: carelessness at the time of sample preparation (weighing, 
pipetting, drying) or injection. The fatty acid composition of 
the different oils analyzed during a period of three years is 
given in Table 1. 
Van Deemter Equation 
Data collection for the separations of the synthetic mixture 
at different gas flow rates is obtained with the Maestro 
software. The chromatograms with retention time and peak 
width at half height are printed. Using these chromatograms, 
the students experience that peak broadening is a phenomenon 
related to the retention time which influences the efficiency of 
the chromatographic system. For dodecane, the most strongly 
retained compound of both mixtures, the students calculate the 
plate height and prepare the Van Deemter equation. The 
students are encouraged to use R, which is a free software for 
statistical computing and graphics [15] and which they learned 
to use during the previous semester (Figure 1). All data 
collected in 2005 for N2 as carrier gas are presented in 
Figure 2. Outliers are mainly due to experimental errors. The 
main problem was that students did not wait long enough 
before the next injection, after changing the linear velocity. All 
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Figure 1. The plate height (H) versus linear velocity of carrier gas He (u) 
for dodecane determined by one team of three students in experimental 
conditions as described in Experimental, Separation efficiency in 
chromatography. The Van Deemter equation was determined with R-
software: H =  -1.055 + 
10.47
u
 + 0.0497 u (Pr > t : A, 0.00462**; B, 
0.01071*; C,<  0.0001***; significance code: *** <0.001, ** 0.001, * 
0.01). 
 
Figure 2. Plate height (H) versus linear velocity of carrier gas N2 (u) for 
dodecane determined  during the first year in experimental conditions as 
described in Experimental, Separation efficiency in chromatography. The 
Van Deemter equation was determined with R-software: H =  -0.9852 + 
7.066
u
 + 0.04866 u  (Pr > t : A, 0.00741**; B, 0.0265*; C, < 0.0001***; 
significance code: *** <0.001, ** 0.001, * 0.01). 
data are collected and summarized and discussed with the 
students. The average plots for He and N2 are shown in 
Figure 3. In these experimental conditions, the lowest plate 
height is obtained for nitrogen as carrier gas so that better 
separation can be achieved with this gas. The influence of the 
gas flow on the plate height is more pronounced for nitrogen 
than for helium. Helium as carrier is less sensitive for changing 
flow rates. 
Resolution 
A chromatographic separation is determined by the rate of 
migration of the different compounds through the stationary 
phase [16–19]. The retention factor k = 0
0
rt t
t
  indicates how 
much longer a compound needs to pass through the column 
compared to a non-retained compound. The parameters tr and t0 
are the time needed by the compound and the non-retained 
compound (mobile phase), respectively. To separate two 
compounds A and B, their corresponding retention factors 
need to be different. The separation factor α describes the 
separation of 2 species, A and B, on the column (α = B
A
k
k
) with 
compound B the more strongly retained one. By this definition 
α is always greater than unity and increases with improving 
quality of separation. The separation also depends upon the 
peak widths which need to be small enough to prevent overlap. 
The peak width at half height wh is used to calculate the plate 
number (N) which is a measure of efficiency: 
 N = 5.54 ( r
h
t
w
)2 (2) 
Columns giving very high plate numbers are capable of 
separating multicomponent mixtures. Their resolving power or 
ability to separate two compounds, as measured by the 
resolution (Rs) is defined as the difference between the 
retention times of two adjacent solute peaks, Δtr, divided by 
their average base-widths 
2
hA hBw w . In practice, it is more 
accurate to measure the peak width at half height (wh) for 
overlapping peaks and resolution is then calculated as [16]: 
 Rs = 0.85( )
rB rA
hA hB
t t
w w

  (3) 
Assuming two solutes A and B with retentions times that are 
close enough to one another, the expression for the resolution 
can be rearranged to an equation in terms of parameters which 
all influence the separation result [17]: 
 Rs = 4
N  ( -1 ) (
1 B
B
k
k
 ) (4) 
Sufficient baseline separation is obtained with Rs = 1.5. 
The students use the chromatograms of the synthetic mixture 
at different flow rates to draw the Van Deemter plot and to 
determine the optimal linear velocity for dodecane, the most 
strongly retained species of both mixtures. The chromatogram 
at this optimal gas flow rate is then used to calculate the Rs for 
the two species of the mixture which are the least separated 
(undecane and ethylaniline for mixture 1; methyl octanoate and 
ethylaniline for mixture 2). In addition, the number of plates 
for the more strongly retained of both species and the required  
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Figure 3. The average plate height (H) versus linear velocity (u) of carrier 
gas  N2 (———) and carrier gas He (-------) determined  for dodecane in 
experimental conditions as described in Experimental, Separation 
efficiency in chromatography. The Van Deemter equation was determined 
with R-software: For N2 : H =  -0.9852 + 
7.066
u
 + 0.04866 u (Pr > t : A, 
0.00741**; B, 0.0265*; C, < 0.0001***; significance code: *** <0.001, ** 
0.001, * 0.01). For He : H =  -0.4029 + 
7.444
u
 + 0.01803 u (Pr > t : A, 
0.0176*; B, 0.0005***; C, < 0.0001***; significance code: *** <0.001, ** 
0.001, * 0.01). 
Table 2. The following parameters are the average of three 
consecutive years and were calculated using the chromatogram with 
the optimal flow conditions determined for the most strongly retained 
species of each mixture which is dodecane. The resolution (Rs) for 
undecane and ethylaniline (mixture 1) and methyl octanoate and 
ethylaniline (mixture 2), which are the least separated solutes, are 
calculated using equation (3). The effective number of plates for 
ethylaniline, which is the third species of the mixture, is calculated 
using equation (2). The required number of plates needed to yield a 
resolution  Rs = 1.5  between ethylaniline and the closest adjacent 
peak is calculated using equation (4). The length of the column 
needed to yield Rs = 1.5 was calculated: 10 m x (N-required/N-
effective). 
    Rs N-effective N-required Length (m) Number
         
Helium        
mixture 1 average 1.53 33094 31602   9.90 14 
  stdev 0.15   6177   1443   2.08  
mixture 2 average 0.98 26534 49782 19.66 30 
  stdev 0.13   5583   1823   4.69  
Nitrogen        
mixture 1 average 1.49 35489 35763 10.68 26 
  stdev 0.23   8600   7172   3.19  
mixture 2 average 1.14 34319 55465 16.62 16 
  stdev 0.08   5882   2318   2.80  
 
column length to obtain a Rs = 1.5 are calculated. These results 
are summarized in Table 2. For mixture one, the average Rs is 
almost equal to 1.5 for both, helium and nitrogen so that a 
column of 10 m length is sufficient to yield a resolution of 1.5. 
For mixture two, the Rs is significantly lower than 1.5 so that a 
column length of 19.16 m and 16.62 m are needed to yield Rs = 
1.5 for helium and nitrogen, respectively. 
Conclusion 
The gas chromatography exercise presented here determines 
the fatty acids in edible oil and deals with theoretical aspects of 
chromatography. The use of a real world sample thrilled the 
students and makes the exercise more exciting. The exercise to 
prepare the Van Deemter equation and to calculate 
chromatography parameters are very useful to understand the 
theoretical background of chromatography efficiency. The fact 
that this exercise takes only 5–7 hours makes it very attractive 
for the analytical chemistry laboratory course. 
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